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ABSTRACT 

Aims. We present data from the CFHTLS Strong Lensing Legacy Survey (SL2S). Due to the unsurpassed combined depth, area and image 
quality of the Canada-France-Hawaii Legacy Survey it is becoming possible to uncover a large, statistically well-defined sample of strong 
gravitational lenses which spans the dark halo mass spectrum predicted by the concordance model from galaxy to cluster haloes. 
Methods. We describe the development of several automated procedures to find strong lenses of various mass regimes in CFHTLS images. 
Results. The preliminary sample of about 40 strong lensing candidates discovered in the CFHTLS T0002 release, covering an effective field 
of view of 28 deg 2 is presented. These strong lensing systems were discovered using an automated search and consist mainly of gravitational 
arc systems with splitting angles between 2 and 15 arcsec. This sample shows for the first time that it is possible to uncover a large population 
of strong lenses from galaxy groups with typical halo masses of about 10 13 /r' M Q . We discuss the future evolution of the SL2S project and its 
main scientific aims for the next 3 years, in particular our observational strategy to extract the hundreds of gravitational rings also present in 
these fields. 
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1. Introduction 

The observation of gravitational lensing effects produced 
by mass concentrations is a powerful tool to directly 
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2003). Both strong and weak lensing regimes are therefore 
widely used to explore the dark matter distribution proper- 
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ties, either from observations of individual ca ses JWarren et alJ 
1 19961 ICabanac et alll2005l IWillis et alJl200fj|) or from statisti- 
cal analyses of large samples of lensed galaxies or quasars (for 
a comprehensive review Mellier & Me vlanl2005t) . 

On galaxy scales, ongoing lens surveys are now providing 
reliable descriptions of galaxies and a clearer understanding of 
the key issues regardin g the star and d ark matter distributions. 
As po inted out by iRusin et all d2003h and iRusin & Kochanekl 
(2005), using a large sample of well-studied strong lenses, it 
is possible to describe galaxy structure and the transition be- 
tween the inner stellar matter-dominated and the outer dark 
matter-dominated galaxy haloes, without being sensitive to 
the mass-sheet degeneracy. It complements well the galaxy- 
galaxy lensing method s that explore galaxy haloes on much 
larger scales JHoekstra et al.l2004fseliak et al.l2005h . Detailed 
lens studies have led to an observational technique based on 
spectroscopic selection of compact l ensing galaxy candidates 
llHall et al JbOOol iHewett et alJl2000l) that was fully exploited 
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bv iBolton et al.l d2006 ): iTreu et all d2005l) : IKoopmans etail 
fcOOdl and lWiUis et al J2006). Using the large spectroscopic 
data base of the SDSS. lBolton et al1 (Eb06) have identified and 



studied a first set of 20 rings (which are merged compact mul- 
tiple arc systems) among a total sample of 120 candidates. 
The first analysis of this Sloan Lens ACS (SLACS) data has 
provided a better description of the structural parameters of 
isolated galaxy lenses at low redshift than mu ltiply-imaged 
quasars (ITreu et alJ l2005t IKoopmans et al . 2006). Moreover, 
their study of the fundamental plane of E/SO galaxies improves 
on ealier work dKochanek et al l2000l) by combining a standard 
dynamical analysis with the strong lens constraints. This al- 
lows them to break the degeneracy between anisotropy of the 
stellar velocity ten sor and the lens gravita tional potential (for 
a similar approach iMiralda-Escudell 1995b . They also showed 
that the lens galaxies of the SLACS sample nicely follow the 
E/SO fundamental plane, being only slightly skewed towards 
the more massive objects. However, the SLACS is limited to 
small rings (<3") by the aperture of the spectrograph fibers and 
to nearby lenses {z max {lens) < 0.5, z max (source) < 0.8; cutoff of 
the SDSS spectroscopic follow-up, and SLACS selection crite- 
ria). An extension of the method to larger redshifts should en- 
large the sample significantly and will benefit from the higher 
efficiency of strong lensing at redshift ~ 0. 5 for galaxy sources 
at redshift above 1. Such ongoing efforts bv lWillis et al. (2006) 
push Zmax(source) < 1.3. 

Because clusters of galaxies are more complex systems 
than galaxies alone, it is not yet clear to what extend systemat- 
ics, projection and selection effects hamper a reliable descrip- 
tion of cluster size haloes. While the number of cluster-size 
haloes can in p rinciple be derived from weak lensing studies 
dHetterscheidt et alJ2005l) . the detailled description of the clus- 
ter halo structures and of their light versus mass distribution 
properties is still uncertain. Ground-based+HST observations 
and strong+weak lensing analyses of individual or samples of 
clusters of galaxies seem to indicate that more complex radial 
profiles (NFW like or power law with a flat core) than singu- 
lar isothermal are required to fit the lensing data dKneib et alJ 
120031 Idavazzi etaf]l2003t fBroadhur st1-tal]l2005l) . However 
for giant arcs in clusters of galaxies, large optically selected 
samples of strong lensing groups of galaxies are not available 
yet. The Red-sequence Cluster Survey (Gladders et al 2003) is 
a first attempt to systematically find strong lensing around clus- 
ters and groups of galaxies. But their relatively low detection 
sensitivity has lead to the discovery of only eight cluster-like 
structures at z > 0.64 over a 90 sq. degree field. 

A key issue is to understand the transition between galaxy- 
scale to cluster-scale halo structures. Quasar lenses and gravi- 
tational arcs have mostly probed two regimes of halo masses: 
galaxies and clusters of galaxies, but bring only weak con- 
straints on the intermediate mass range (10 12 - 10 14 M ) 
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of galaxies in the CNOC survey using weak lensing by 
IParker et alJ d2005l) yielded the first constraints of their aver- 
aged mass-to-light ratios but nothing on their inner structures 
or on whether groups are self-similar. 



In summary, no homogeneous sample of strong lenses have 
been built so far that covers the full dark matter halo mass spec- 
trum because of the lack of a large, deep sky survey with a 
sub-arc-second seeing. We will demonstrate here that with the 
CFHT Legacy Survey (CFHTLS), due to its combined depth, 
area and image quality of the data, we are able to find strong 
lensing systems around a wide mass spectrum of structures. 
Indeed, the three 7 x 7-deg 2 wide patches together with the 
four 1 x 1-deg 2 deep patches of CFHTLS allow us to build up a 
large sample of strong galaxy-, group-, and cluster-scale lenses 
with a well-defined selection function and sampling variance, 
as well as to explore halo properties at different depths and red- 
shifts. 

In order to do this, a set automated procedures has been 
developed to detect various types of strong lensing events. It 
has been successfully tested on the T002 release. We present in 
this paper a preliminary sample built with these selection pro- 
cedures. Although these procedures are not yet fully optimized, 
we can nevertheless uncover within the CFHTLS a large pop- 
ulation of "group lenses", a new class of lenses with multiple 
image separation of 2 to 7". We also show that it is possible to 
implement a dedicated procedure to recover gravitational rings 
with Einstein radii below 2". The CFHTLS Strong Lensing 
Legacy Survey (SL2S) should allow us to extract the whole 
lensing mass spectrum from galaxies to clusters of galaxies, in 
a homogeneous and statistically well-defined procedure. 

The paper is organized as follow: Section 2 summarizes the 
present state of the CFHTLS and the data used in this prelim- 
inary study. Section 3 presents the SL2S project itself with a 
brief discussion of the automated search procedures, as well as 
the first results obtained for group lenses. A full description of 
the selection procedures will be provided elsewhere. Sections 
4 and 5 discuss the future of the project. 

Throughout the paper we use a flat ACDM cosmology 
(Q m = 0.3, Qa = 0.7), all observables are computed with 
Ho - 70 h km s _1 Mpc 1 and magnitudes are given in the AB 
system unless specified otherwise. 

2. The Canada-France-Hawaii Telescope Legacy 
Survey 

2.1. Description 

The Canada-France-Hawaii Telescope Legacy Survey 
(CFTHLS) is a major photometric survey of more than 
450 nights over 5 years (started on June 1st, 2003) 
using the wide field imager MegaPrime which cov- 
ers ~1 square degree on the sky, with a pixel size of 
0.186". The project is comprehensively described in 
http : //www . cfht . hawaii . edu/Science/CFHLS/ and 
links therein. The CFHTLS has two components aimed at 
extragalactic studies: a very Deep component made of 4 
pencil-beam fields of 1 deg 2 and a Wide component made of 
3 mosaics covering 170 deg 2 in total, both in 5 broadband 
filters. The data are pre-reduced at CFHT with the Elixir 
pipeline 1 which removes the instrumental artefacts in indi- 
vidual exposures. The CFHTLS images are then evaluated, 

1 http: //www. cfht. hawaii .edu/Instruments/Elixir/ 



Cabanac et al.: CFHTLS-SL2S overview 



3 



Table 1. CFHTLS: Terapix T0002 release (July 2005) 



Deep fields 




Magnitudes Limits' 






u* 


g' 


r' 


;' 


z' 


Dl 


26.4 


26.3 


26.1 


25.9 


24.9 


D2 


26.1 


25.8 


25.8 


25.4 


24.3 


D3 


25.8 


26.3 


26.3 


25.9 


24.7 


D4 


26.2 


26.3 


26.3 


25.7 


24.9 


Wide fields 


Average Magnitudes Limits' 


Wl 




25.5 


24.5 


24.5 




W2 




25.4 


24.7 


24.6 




W3 




25.7 


25.0 


24.6 




Wl area (unmasked) 




20 


(11.4) d 


eg 2 




W2 area (unmasked) 




8 


(5.0) deg 2 




W3 area (unmasked) 




12 


(9.0) d 


;g 2 





1 50% completeness limit in AB mag (AB to Vega ;/* - 0.35, g' + 0.09, 
r' -0.17,/' -0.40, z'-0.55) 

astrometrically calibrated, photometrically inter-calibrated, 
resampled and stacked by the Terapix group at the Institut 
d'Astrophysique de Paris (IAP) and finally archived at the 
Canadian Astronomy Data Centre (CADC). Terapix also 
provides weightmap images, quality assessements meta-data 
for each stack as well as mask files that mask straylight, satu- 
rated stars and defects on each image. The preliminary SL2S 
sample presented here is based on the T0002 release (July 
2005), corresponding to data obtained between June 1st, 2003 
and Nov. 22nd, 2004. A detailed description of this release 
is given at the Terapix web site http://terapix.iap.fr 
and the Terapix T0002 release document (Mellier et al 2005: 
http : //terapix . iap . f r/IMG/pdf /Newterapixdoc . pdf i. 
The T0002 release includes 40 stacked fields in the Wide sur- 
vey observed in broadband g', r' and i' filters, and a stack of 
the 4 Deep fields in the 5 bands, for a total area of 44 deg 2 , or 
ca. 28 deg 2 of unmasked area, i.e. area not contaminated by 
instrumental artefacts from bright stars (internal reflections, 
bleeding). Table [2 summarizes the main characteristics of the 
data used in the paper. The 4 Deep fields are much deeper, 
with an average seeing ranging from 1.0" in u* to 0.85" in 
z'. The Wide survey is presently available in 3 filters only 
with an average seeing of 1.0" in g' and 0.9" in r' and i' . 
But not surprisingly, the Wide survey is more suited to our 
strong lensing selection processes, because of its wide angular 
coverage. 

2.2. Strong lensing number predictions 

In this paper we call a ring any compact system of arcs where 
multiple images merge into a single ring-like image surround- 
ing the deflector; all other types of multiple systems are ei- 
ther called (giant) arcs or arclets. The previous observations of 
QSO lenses and the results from the most recent simulations 
(lensing optical depths) give good estimates of number densi- 
ties of lenses associ ated at variou s deflecting halo masses (i.e. 
for splitting angles) (Oauri 2006, Fig. 9 and 10, and Table 1). 
Typically, for any giant arc detected in a cluster, we expect 
about 4 times more arc(et)s systems in haloes corresponding 



to group masses, and 20 times more gravitational rings asso- 
ciated with lens galaxy haloes (assuming equivalent detection 
limit and angular magnification factor in all cases) . We will 
see below that the preliminary number of group-lenses, based 
on the first (beta) version of the arc detection software, is found 
to be ~ 0.5 deg 2 in the CFHTLS data. Extrapolating Oguri's 
distribution to the total area of the CFHTLS Wide component 
(170 deg 2 ) yields ~ 75 group arcs, ~ 400 galaxy rings, and 
~ 20 cluster arcs. The number of lenses will be very small 
per Megacam field whatever the deflector mass regime (clus- 
ter, group or galaxy). Their detection is therefore very chal- 
lenging as the lensed features are hidden within a huge number 
of faint background galaxies. The only way to find them effi- 
ciently is to use w ell-defined automated procedures (e.g. see 
iLenzen et alj E004). In practice such an approach has already 
been proposed for some large numerical simulations of lens- 
ing confi gurations, mostly in simulated samples of clusters of 
galaxies faoresh et all2005|) . 

3. Automated software for Strong Lensing 
candidate detection 

One of the goals of the SL2S is to provide a complete and ho- 
mogeneous sample of strong lenses with known detection effi- 
ciency with regard to a series of observational parameters. This 
goal requires us not only to develop a comprehensive series 
of simulations taking into account the most common biases 
such as seeing, PSF variation, crowding, limiting magnitude, 
surface brightness, and arc length/radius/thickness distribution, 
but also requires us to automate the detection procedures. We 
are thus currently developing three complementary algorithms 
covering various regimes of strong lensing. The first one is a 
gravitational ARC detector (mostly for groups and clusters). 
The second is a detector of compact RING candidates (which 
will then require either spectroscopic or higher resolution im- 
ages for confirmations). The third one is a MULTIPLET de- 
tector, aimed at detecting peculiar and rare multiple arclet sys- 
tems that cannot be recognized by the ARC detector. This in- 
cludes badly resolved multiple image systems or configurations 
which may form in potential saddles. The software selects mul- 
tiple image configurations based only on generic properties like 
color, distance, flux ratio and shear orientation, if any, and the 
geometric distribution of multiple images. However we have 
not yet been able to optimize this procedure on ground-based 
images so the MULTIPLET detector will not be addressed 
further. 

3.1. ARC detector 

Giant arcs are in principle the most straightforward im- 
ages to ident ify and detect through direct pattern recogni- 
tion dLenzen et all2004T:ISeidel & Bartelmannl20 06). They are 
known to occur around massive clusters (> lO l4 /i _l M ) and 
show radii up to ~40" in very luminous X -ray clusters (see 
for e xample the spectacular case of A 1689 B roadhurst et alJ 
I2005T) . When arcs appear around groups of galaxies, their radii 
are five to ten times smaller and the seeing makes them more 
difficult to identify from ground-based imaging. A full descrip- 
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Fig. 1. Schematics of the ring detection procedure (here 
SL2SJ100013+022249). The candidates are selected from 
CFHTLS ellipticals (top), g' - i' color images reveal strong 
residual signal (bottom). 



tion of the t echnique overcoming this difficulty is given in 
lAlardl (2006). Briefly, the arc-detector algorithm detects elon- 
gated structures and analyzes the local properties of these struc- 
tures. Elongated objects are defined as very narrow objects 
along one direction with a width nearly equal to the size of the 
seeing. We model the elongated arc(let)s structures as small 
rectilinear objects having the width of the seeing along one 
direction, and 3 times this width in the other direction. This 
condition sets the detection threshold below an Einstein radius 
of 3" for an arc angular aperture of about 60°. Each object in 
the image is decomposed in a series of contiguous elements 
aligned along the tangential direction of the elongated struc- 
ture. The full object is re-constructed by associating the areas 
covered by the different elements. Once a set of pixels is asso- 
ciated with the object, we compute its general properties, size, 
color, curvature, etc. To ease the pattern recognition the routine 
also requires both the g' - i' color and surface brightness of 
the elongated objects to be constant. Finally we produce a cat- 
alogue of candidates and a set of associated color images for 
visual inspection according to a selected set of parameters that 
fully describes the detection procedure. 

The ARC detector is very efficient at detecting extremely 
faint arcs over a large range of splitting angles and will be used 
in subsequent CFHTLS releases (cf. Table|2ji. 



3.2. RING detector 

The ring detector is aimed at detecting compact rings around 
centers of isolated galaxies (< 10 n h~ l M o ). Most of the ring 
radii are in the range 0.5-2.0" and rings are usually hidden 
within the deflector. Seeing and intrinsic galaxy morphologies, 
like dust lanes and face-on spirals, make the ring detection 
challenging. We use an "object-oriented" routine, RING, that 
will be described in a future paper (Gavazzi et al., in prepara- 
tion). Presently, we focus on the 4 Deep fields that have been 
observed in 5 filters and for which photometric redshift cata- 
logs are built. These catalogs include a photometric redshift es- 
timate, the best fit spectral type and information on the absolute 
magnitudes in different spectral bands. Selecting all objects cat- 
alogued as E/S0 galaxies, the routine filters out the large scale 
light distribution of the deflectors, using g' — a X i' color vi- 
gnettes. When the profile of the potential deflector does not de- 
pend much on color, or when the deflector profile is smooth on 
large scales, the deflector is subtracted cleanly and any residual 
comes from a superimposed smaller-scale anisotropy. The rou- 
tine selects the lens candidates based on the computed residuals 
above sky noise in the range 0.8-2.5"(Fig.Q. We are currently 
optimizing the method with a sample of 10 lens candidates 
common to the COSMOS field and the CFHTLS -D2 field. The 
first results are encouraging: most of the rings with radii larger 
than 0.8" seem to be recovered. However the method has two 
limitations. First, any ring candidate smaller than the seeing ra- 
dius is lost. Second, the procedure is a good filtering method, 
efficient in removing massive ellipticals that are not lenses, but 
still produces false candidates among SO galaxies. Therefore a 
final eyeball selection is currently still required to select good 
candidates. 

The resulting candidates will need confirmation by spec- 
troscopic identification of both the redshift of the lens and 
the lensed galaxy. In addition, high-resolution spectroscopy 
will help determine to the lens stellar velocity dispersion, and 
higher resolution images, using for example the Hubble Space 
Telescope, will allow us to address the lens modelling with high 
accuracy. Thus, the method is mostly able to select, among a 
large number of massive ellipticals, a small sample of good 
strong lensing candidates. 

3.3. Lens modelling 

A large number of algorithms of gravitational lens m odelling 
are available (e.s. iKneib et al]ll9?3t ISaha & WiUiamslll997l: 
iKeetorfeOoillWarren & Dvell2003UBrewer & Lewisll2006l) . It 
is clearly beyond the scope of this paper to review them. 
Our team has developped many parametric and non-parametric 
codes, using a variety of optimization algorithms to model the 
full spectrum of the mass regimes, therefore mostly adapted to 
the CFHTLS-SL2S sample. 

4. Preliminary sample from the T0002 release 

4.1. Description of the sample 

The preliminary analysis of the CFHTLS T0002 release led to 
the discovery of 43 candidate strong lenses listed in Table [2] 
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Fig. 2. RGB (i'g'u*) mosaic of SL2S candidates showing the three regimes probed by the sample. Top examples show l'-wide 
vignettes of SL2S cluster lenses (> 10 13 /i _1 M o ). Middle examples show 30"-vignettes of SL2S intermediate mass lenses (galaxy 
groups; ~ 1O 13 /! _1 M ). Bottom line shows 15"-wide vignettes of Einstein rings around single galaxy lenses (< 10 13 /r' M e ). The 
estimated photometric redshift for the deflector is marked. 



Most of the CFHTLS-SL2S candidates that we present here 
were extracted using the arc detector, which turned out to 
be very efficient irrespective of the arc size or the lens en- 
vironment. The list also contains 10 rings first identified in 
the COSMOS field and then recovered in the CFHTLS-D2 
data. Hence, this preliminary sample is considered a feasabil- 
ity study for the SL2S project, demonstrating that a wide mass 
range will be uncovered by the CFHTLS-SL2S. This sample 
should not be used for quantitative statistical studies. 

In the current selection process, the automated software 
extracts a list of candidates and creates color images of each 
of them for subsequent visual inspection. The SL2S database 
( http : //www . cfht . hawaii . edu/~cabanac/SL2S/i is 
presently under construction and includes for each system 
the magnitudes of the lens, its photometric redshift esti- 
mates, using either the latest version of the HyperZ code 
jBolzonella et all l2000t). or LePhare, a code based on a 
Bayesian approach Jllbert et al.l 120061) . A few geometrical 
properties for the lensed source (arc radius, magnitudes 



when known) are also included. Table summarizes these 
measurements for our preliminary sample. 

4.2. Global properties of the sample 

Although this sample is not yet complete, we already see three 
classes, split according to their arc radius, hence to their mass 
regime. A detailed mass classification will only be possible 
when spectroscopic redshifts of the lenses and the sources are 
known, and when high-resolution imaging yields accurate lens 
modeling. 



- The most conspicuous class includes giant arcs with radii 
> 7". In the T0002 release sample, this class contains 4 
candidates, detected over an effective area of 28 sq. degrees. 
By simple extrapolation, one can expect to find about 15 - 
20 of these giant arcs in the complete CFHTLS 170 deg 2 
(equivalent to about 100 deg 2 unmasked clear sky). The top 
line of the Figure|2]mosaic shows the 4 giant arcs with arc 
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Fig. 3. T0002 release sample basic characteristics: Arc radius histogram (left), deflector/lens redshift histogram (middle). Arc 
radius versus central galaxy i' magnitude of the deflector/lens (right). Thick lines and filled circles correspond to quality 1 
candidates. Thin lines and open circles correspond to quality 2 candidates (cf. text and Table|2}. 



radii > 7". Usually such features appear in massive clusters 
often associated with strong X-ray emission. 

- The second class of lenses is mostly made of intermedi- 
ate mass deflectors, showing arc radii in the range 3 - 7". 
We found 13 such candidates (8 additional candidates with 
radii ~ 2.5"which might belong to small groups) in the 
CFHTLS T0002 release (~ 75 are expected over the com- 
plete survey). The middle line of Fig. |2] shows a selection 
of these intermediate mass candidates. They represent the 
largest sample of intermediate mass lens detected so far and 
the CFHTLS-SL2S seems to be particularly efficient at de- 
tecting this class of lenses. The lens modeling of groups 
might be more complex than the modeling of giant arcs 
in clusters of galaxies, often dominated by a bright central 
galaxy, or of rings around an isolated elliptical galaxy. As 
an illustration, Figure@]shows the possible influence of the 
external shear due to group members on the main arc mod- 
eling for the lens SL2SJ085446-012137. Only HST imag- 
ing will allow us to reduce these degeneracies. 

- The third class is made up of compact ring candidates com- 
monly associated with isolated galaxies, with ring radii 
< 3". This class is expected to be the most populated one. 
If we follow Oguri's predictions (2006) we expect the pres- 
ence of about 100 rings in the T0002 Wide survey release 
by a simple scaling between the intermediate mass lenses 
and the galaxy mass lenses. If we exclude the 10 rings iden- 
tified in the COSMOS field (D2) using HST imaging and 
detected a posteriori in the CFHTLS data, there are only 
12 extra candidates detected in our sample. This shows that 
appropriate detection of ring candidates is not yet fully op- 
erational and requires more developments and tests, along 
the lines described in Section l3~2l The bottom line of Fig. [2 
shows a selection of the few compact arc or ring candidates 
already identified. 

The photometric redshift histograms of the deflectors of 
the total sample (thin line) and almost undisputable candidates 
(thick line) (Figur e show a wide distribution up to z ~ 1. 
Illbert et all ([2006) claim that LePhare Bayesian photometric 
redshifts are accurate to cr Az ~ 0.05, with only 4% of so-called 
catastrophic errors, i.e. when cr A . > 0.15, for objects brighter 



than iAB < 24, based on the 5 CFHTLS colors. However, pho- 
tometric redshifts of almost all the lenses detected in the Wide 
survey are determined from 3 photometric colors only (g', r', i') 
and should be taken with caution, as the expected rate of catas- 
trophic errors increases to -20%. The observed bimodal distri- 
bution with a peak about z = 0.3 and another around z = 0.6 
could be a statistical fluctuation or a real effect due to the fact 
that for the limiting magnitude of the CFHTLS Wide survey the 
distribution of sources is expected to peak just above z ~ 0.6. 
A better determination of the photometric redshifts, including 
near-IR data, or a spectroscopic measurement through a ded- 
icated spectroscopic follow-up are planned to derive the ob- 
served redshift distribution of the sample. With an average lens 
redshift z ~ 0.5 the SL2S will go beyond the SLACS and wiU 
provide a galaxy and group sample able to probe the evolution 
of mass at higher redshift. Fig.E]also shows the expected loose 
correlation between arc radius and lens apparent magnitude in 
i' band, suggesting that the CFHTLS is not strongly biased in 
any mass regime, but seems, on the contrary, to be sensitive to 
the complete parameter space. 

4.3. Notes on selected candidates 

SL2SJ021 408-053532: A bright system of fold arcs around a 
compact group of three galaxies at z P hot ~ 0.5 (Fig.E), absolute 
B magnitude Mb - -22 A, and a homogeneous population of 
galaxies with similar color within 2'. 

SL2SJ021 41 1-040502: Typical example of a compact ring 
candidate around a galaxy in a loose group or cluster at Zphot ~ 
0.7. These cases seem to be common in the CFHTLS and 
might provide interesting constraints on the sub-structure of 
DM haloes. 



SL2SJ1 0001 3+022249: This is an example of a compact 
lensing candidate which does not appear very clearly in 
CFHTLS imaging, but stands out in the HST cosmos field, and 
the CFHT normalized g' - i' image (Fig.^. 
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HST/ACS 606W 814W 



Fig. 4. (Top): Simple modelling of SL2SJ085446- 
012137 using LensTool (Kneib 1993, 
http://www.oamp.fr/cosmology/lenstool/) where only the 
central galaxy is used as a deflector. The source near the upper 
cusp of the radial critical line divides into 4 virtual images, 
three on the south half and one in the north. (Bottom): Same 
lens with a more complex modelling including surrounding 
galaxies as potential sources of shear. High-resolution imaging 
and surface brightness information will allow one to remove 
part of the degeneracy of lens models. 



SL2SJ141912+532612: This massive cluster showi ng multi- 
ple arcs is not a new detection. Glad ders et alJ J2003I) already 
discovered the same lensing cluster called RCS 1419.2+5326 
within the Red Cluster Sequence survey. The photometric red- 
shift of SL2SJ141912+532612 is zi = 0.65 based on 3 col- 
ors only {g'r'i') but is remarkably similar to the spectroscopic 
redshift of RCS 1419.2+5326 z spec tro = 0.64. HST imaging in 
F814W is available; HST proposal 10626, PI Loh. This system 
shows at least three arcs at 10, 14.5, and 17"(Fig.|2}. 

SL2SJ1 42031 +525822: Example of a relatively compact 
arc/ring candidate at z P hot ~ 0.3 (and likely higher), the con- 
firmation of which typically requires a spectroscopic follow-up 
in addition to higher-resolution imaging. This candidate fortu- 
nately falls within the Groth Strip Survey and has already been 
imaged with HST/AC S in F606W and F814W dSimard et alJ 
l2002llVogt et al.l2005l) . Fig.|5]shows 1 x 1' RGB images of the 




SL2SJ1 42031 +525822 



15x15" 



Fig. 5. (Left): CFHTLS RGB (i'g'u*) image of the candi- 
date SL2SJ14203 1+525822. (Right): HST RGB (814W-606W- 
600W) image of the same field clearly showing a bright arc 
akin to lensing distortion but a spectrum is needed to confirm 
that the arc is indeed at a higher redshift and not a star-forming 
spiral arm or a merging galaxy. 

CFHTLS (i'g'u*) and HST (814W-606W-600W). This candi- 
date is particularly interesting for the large ellipticity the de- 
flector, a rare occurence among isolated strong lenses. 

S L2S J 1 42209+524652: This candidate is a very extended arc 
surrounding a compact group of two galaxies at z p hot ~ 0.2 and 
offers a very unorthodox lensing configuration. 

SL2SJ 143 140+553323 Example of lensing by two groups 
occupying the same line of sight at z p i w t ~ 0.5 - 0.6, and hav- 
ing a discernable impact on the lensing distortion with a fold 
arc and a potential saddle pair. 

5. Discussion 

5.1. Dark matter distribution in galaxy groups 

Only a handful of galaxy groups associated with strong 
lenses are known, mostly as an env i ronmental association 
with a galaxy len s Jdrant et alJ l2004 iFassnacht etail [2005 ; 
lAuger et all2006l) . In such cases the group reveals its presence 
because it produces an external shear acting as a perturbation in 
the lens modeling. But so far almost no lenses with image split- 
ting between 3 and 7 arcsec have been observed corresponding 
to halo masses of Mhak> ~ 1 13 /i~ 1 M r i, except the "historical" 
double quasar Q 0957+561 J Walsh et al.ll 19791) : this system is 
centered in a giant elliptical galaxy embedded i n a poor cl uster 
of galaxies at redshift 0.36 jAngon in-Willaime et al. 1994),and 
recently the 2 lensed quasars of the SDSS (Oguri et al. 2005). 

There are several important reasons to study groups. 60% 
of the galaxies belong to groups which play a key role in the 
assembly of structures. Merging processes in groups can have 
a strong effect on the star formation rate and probably on the 
growth of the super massive black hole that lies in their domi- 
nant ellipticals. Much work has been done in recent years using 
large surveys of groups in the SDSS spectroscopic data base 
dWeinmann et al] 12006). within th e DEEP survey (|Coil et alJ 
2006j) and/or with X-ray surveys jMiles et al.ll2004 GEMS 
survey). These first results did not succeed in giving a definitive 
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picture of the average group mass profile, the relation between 
the light and total mass distribution, or the relation between the 
different galaxy type fractions (segregation effect as observed 
in clusters). 

Part of the problem lies in the fact that sub-structures of 
simulated DM haloes can be very complex and the definition 
of a DM halo center is scale dependent. Strong lensing arcs 
in the center of group haloes can provide a unique measure of 
the total projected density profile, where dynamical estimates 
only provide constraints on the baryonic mass with the strong 
assumption that groups are virialized systems. 

Recent weak shear analyses have been done by roughly 
stacking two classes of groups detected in the CNOC2 spec- 
troscopic g alaxy survey in order to derive structural and M/L 
properties dMoller et alJl2002t Iparker et alJl2005l) . They found 
that very poor groups with a mean velocity dispersion of 
200 km s _1 have an average Einstein radius of about 1" (very 
similar to single massive ellipticals) while the most massive 
groups with a velocity dispersion close to 300 km s have 
properties more similar to clusters. It also appears that a to- 
tal mass of 1O 13 /! _1 M might correspond to a transition mass 
scale for the M/L ratio and the related star formation rate. 

X-ray observations have also revealed that there is a pe- 
culiar class of old groups dominated by a bright elliptical 
galaxy that probably formed at an early time in the uni- 
verse JD'Onghia et alJ l2005t lUlmer et alJ 120051) . Likewise, 
iGuimaraes et alJ ( |2005h used the QSO magnification bias in 
the 2dF Galaxy Redshift Survey to measure a surprisingly high 
lensing signal, suggesting that some groups are more massive 
than expected. 

The SL2S group sample is well adapted to address these 
questions. 

5.2. Searching a large sample of gravitational rings 

Based on our simple extrapolations, CFHTLS Einstein rings 
will clearly outnumber all the already existing galaxy lens sam- 
ples. Once fully optimised, the SL2S ring detection procedure 
will provide ca. 400 rings in the 170 deg 2 of the CFHTLS wide 
survey. Even if we restrict ourselves to a more conservative 
number of ~ 300 robust SL2S systems, confirmed with HST 
imaging, it will increase the present known sample by a fac- 
tor of 3 over a large redshift range 0.3 - 1. Thus a compre- 
hensive statistical analysis of this class of lenses will be pos- 
sible, looking for variations as a function of cosmic time and 
galaxy luminosity, type and environment, and extending the re- 
sults of the SLACS on the evolution of the E/S0 fundamental 
plane and the M/L ratio of normal galaxies, following their pi- 
onneering method of combined spectroscopy-based dynamical 
analysis and lens modelling. 

6. Conclusion 

We have presented the guidelines of the CFHTLS Strong 
Lensing Legacy Survey, a survey aimed at detecting all the 
lensed features in the CFHTLS data for the study of the dark 
matter halo distributions from isolated galaxies to groups and 
large clusters up to a redshift of 1 . A series of three automated 



softwares are being developed: an arc detector mainly focused 
on giant arcs and arclets, a ring detector for the detection of 
compact Einstein rings and a multiplet detector optimized in 
multiplet images showing generic lensing properties irrespec- 
tive of the deflector's light. The preliminary sample is based on 
the CFHTLS T0002 release and led to the discovery of ca. 40 
candidates spanning the complete mass range (The current re- 
lease, T0003, increases the sample by 50%. The best candidates 
will be followed up by HST in Cycle 15, snapshot program 
10876). An unexpectedly large number of intermediate mass 
deflectors akin to galaxy groups is present in this sample. We 
therefore expect to address many questions related to galaxy 
group physics through the project, like the mass profile transi- 
tion between cluster-like NFW and galaxy-like isothermal pro- 
files, dark matter substructures in intermediate mass haloes, 
star formation processes and their feedback in the inter-galactic 
medium, and stellar mass assembly with redshift. Moreover, al- 
though the detection procedure is not yet fully optimised, we 
expect to uncover and study the most abundant population of 
rings, known to be present in the CFHTLS images. This will 
allow us to extend the work of the SLACS team to higher red- 
shifts for a better undertanding of the dark matter distribution 
and impact of baryon cooling in galaxy haloes, and the evolu- 
tion of the Fundamental Plane and mass assembly of isolated 
galaxies. 

By the end of the survey (2008), we expect to build a 
sample of about 500 lenses with well-controlled selection ef- 
fects. This will allow us to investigate the probability distribu- 
tion of lens splitting angles across the whole lens mass range 
from galaxies to clusters. Following the pioneerin g work of 
iKochanek & White! feOOll). th e studies by bfek et alJ d2003l) 
and more recently Oguri ( 2006) demonstrate how crucial it is to 
have a large observational sample to be able to make meaning- 
ful comparisons with simulations. The CFHTLS-SL2S is likely 
to become the most complete survey of strong lenses available 
for many years. 
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Table 2. CFHTLS-SL2S Terapix T0002 release (July 2005) 
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SL2SJ 1000 13 +022249 


10 


00 


13 


.900 


+02 22 49.00 


22.58 


± 


0.05 


20 


.55 = 


= 0. 


.01 


19. 


.19 


+ 0, 


.01 


18. 


57 


+ 





.01 


18.29 = 


bO.Ol 


1 


.6 


±0. 


1 


0.256 


D2 


(1) vis 


SL2SJ100018+023845 S 


10 


00 


18 


.400 


+02 38 45.00 


> 26 


.1 


25 


.68 = 


= 0. 


.28 


23 


.59 


+ 0, 


.05 


22. 


75 


+ 





.03 


22.43 = 


b0.07 


1 


.3 


±0. 


1 


0.6? 


D2 


(1) vis 


SL2SJ 100056+02 1226 


10 


00 


56 


.700 


+02 12 26.00 


22.69 


+ 


0.04 


20 


,75 = 


= 


,01 


19 


.30 


±0, 


.01 


18. 


,64 


+ 





.01 


18.32 = 


bO.Ol 


1 


.9 


±0. 


1 


0.256 


D2 


(1) vis 


SL2SJ100148+022325 


10 


01 


48 


.100 


+02 23 25.00 


22.98 


+ 


0.05 


20 


,97 = 


= 


,01 


19. 


.47 


±0, 


.01 


18, 


,83 


+ 





.01 


18.52 = 


bO.Ol 


1 


.6 


±0. 


2 


0.284 


D2 


(1) vis 


SL2SJ100208+021422 


10 


02 


08 


.500 


+02 14 22.00 


23.90 


+ 


0.08 


22 


.03 = 


= 


,01 


20 


.63 


±0, 


.01 


19, 


99 


+ 





.01 


19.65 = 


bO.Ol 


1 


.7 


±0. 


2 


0.256 


D2 


(1) vis 


SL2SJ 10021 1+021 139 s 


10 


02 


11 


.200 


+02 11 39.00 


25.56 


± 


0.33 


24 


,12 = 


= 0. 


.07 


22. 


.37 


+ 0, 


.02 


21. 


08 


+ 





.01 


20.29 = 


bO.Ol 


3 


.4 


±0. 


2 


0.54 


D2 


(1) vis 


SL2SJ100216+022955 


10 


02 


16 


.800 


+02 29 55.00 


27.05 


± 


1.27 


22 


,88 = 


= 0. 


.03 


21. 


.28 


+ 0. 


.01 


20. 


11 


+ 





.01 


19.68 = 


bO.Ol 


1 


.7 


±0. 


2 


0.52 


D2 


(1) vis 


SL2SJ 10022 1+023440 


10 


02 


21 


.100 


+02 34 40.00 


23.57 


+ 


0.06 


21 


,57 = 


= 0, 


,01 


20. 


.06 


±0, 


.01 


19. 


39 


+ 





.01 


19.05 = 


bO.Ol 





.6 


±0. 


2 


0.256 


D2 


(1) vis 


SL2SJ 14 1447+544703'' 


14 


14 


45 


.498 


+54 47 00.03 








21 


,35 = 


= 0, 


,03 


19, 


.59 


±0, 


01 


18. 


33 


+ 





.01 








14 


+ 1 




0.75 


W3 


(1) vis/arc 


SL2SJ141558+523955 


14 


15 


58 


.182 


+52 39 55.92 








21 


,45 = 


= 0, 


01 


19, 


.77 


±0, 


01 


18, 


60 


+ 





.01 






4 


.6 


±0. 


2 


0.75 


W3 


(1) vis/arc 


SL2SJ 14 1807+524924 


14 


18 


07 


.966 


+52 49 24.28 


22.42 


+ 


0.04 


20 


,43 = 


= 0, 


01 


19 


00 


±0, 


01 


18, 


39 


+ 





.01 


18.08 = 


bO.Ol 


4=1 


= 0.5 


0.256 


D3 


(2) vis 



° AB mag as given in the official release, Sextractor Best Magnitudes, (AB to Vega u* - 0.35, g' + 0.09, r' - 0.17, V - 0.40, z' - 0.55). 
b Arc radii are computed from LensTool program (Kneib 2001). 

c ziens'- Best photometric redshift given by HyperZ, taking into account all available filters and E(B - V) (Pello 2006, priv. comm.). 

d Comments: CFHTLS component, Numbers refer to: (1) Good quality candidate based on visual inspection (2) Potential candidate based on visual inspection. Detection method: arc = arc 
detector, vis = visual, ring = ring detector. 

e The bright arc of this candidate is around a secondary peak (Fig.|5J. If confirmed, it is a good example of an enhanced convergence in a dense field with presence of sub-haloes. 
' Massive cluster lens. 

s Compact and red candidate ( u dropouts) in the field of COSMOS. Its photometric redshift is not well-constrained because the source contaminates the deflector. For SL2S 100018, the source 

has a best z phot ~ 4.2. 

h Massive system with a bright radial arc. 
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Table|U Continued. 



Name 


RA (J2000) 
hr min sec 


DEC (J2000) 


it 1 






I 






AB mag 
r' 


a 
















Arc radius 6 
arc sec 


— — 


Comments^ 


SL2SJ141912+532612' 


14 


19 12.000 


+53 


26 


12.00 






22 


21 


±0 


.02 


20.94 i 


t 0. 


01 


19 


.56 


+ 





.01 






10 - 17 


± 0.5 


0.65 


W3 (1) vis/arc 


SL2S J142028+52 1 303 


14 


20 28.799 


+52 


13 


03.54 


22.51 ± 


0.03 


21 


.61 


±0 


.01 


20.65 i 


t 0. 


.01 


20 


.26 


+ 





.01 


20.02 = 


t 0.01 


2.7 ± 


0.3 


0.344 


W3 (2) arc 


ST 2ST142031 +525822- 1 


14 


20 31.811 


+52 


58 


22.16 


22.53 ± 


0.04 


20 


.95 


±0 


.01 


19.48 i 


t 0. 


.01 


18 


.83 


+ 


o 


.01 


18.48 = 


t 0.01 


1.7 ± 


0.2 


0.300 


D3 (11 vis 


SL2SJ142032+530107 


1 A 
1 <4 




TJJ 


U 1 


07 1 i 


22.98 ± 


0.04 


22 


.20 


±0 


.01 




t \j. 


.01 


20 


.72 


+ 


o 


.01 


20.44 = 


t 0.01 


1.6 ± 


0.2 


0.74 


W3 (2) vis 


SL2SJ142057+530843^ 


14 


20 57.684 


+53 


08 


43.81 


> 25 


.8 




>26.3 




25.92 = 


tO. 


.53 


23 


.23 


+ 


o 


.06 


23.42 = 


t 0.26 


8.0 ± 


1.0 


0.622 


D3 (2) vis 


SL2SJ142207+531013 


14 


22 07.611 


+53 


10 


13.88 


21.46 + 


0.01 


20 


.64 


±0 


.01 


19.87 = 


tO. 


.01 


19 


.58 


± 





.01 


19.40 = 


bO.Ol 


1.5 ± 


0.2 


0.310 


D3 (2) ring 


SL2S J 142209+524652 


14 


22 09.268 


+52 


46 


52.42 


21.15 ± 


0.01 


19 


.87 


±0 


.01 


18.75 = 


tO. 


.01 


18 


.26 


+ 





.01 


17.99 = 


tO.Ol 


3.5 ± 


0.5 


0.189 


D3 (1) vis 


SL2SJ142258+512440 


14 


22 58.343 


+51 


24 


40.79 






22 


.83 


±0 


.02 


21.77 = 


tO. 


.03 


20 


.89 


+ 





.01 






1.9 ± 


0.1 


0.87 


W3 (2) arc 


SL2SJ143001+554647* 


14 


30 01.000 


+55 


46 


47.00 






21 


.93 


±0 


.02 


20.59 = 


= 0. 


.01 


19 


.70 


+ 





.01 






5.5 ±1 


0.695 


W3 (1) vis/arc 


SL2SJ143 140+553323 


14 


31 40.000 


+55 


33 


23.00 






21 


.81 


±0 


.02 


20.09 = 


= 0. 


.01 


19 


.45 


+ 





.01 






3.1 ± 


0.7 


0.655 


W3 (1) vis 


SL2SJ143141+513143 


14 


31 41.829 


+51 


31 


43.71 






22 


.86 


±0 


.02 


21.38 = 


= 0. 


.02 


20 


.46 


+ 





.01 






3.9 ± 


0.2 


0.85 


W3 (1) arc 



" AB mag as given in the official release, Sextractor Best Magnitudes, (AB to Vega u* - 0.35, g' + 0.09, r' - 0.17, i' - 0.40, z' - 0.55). 

* Arc radii are computed from LensTool program (Kneib 2001). 

c zie„ s '- Best photometric redshift given by HyperZ, taking into account all available filters and E{B - V) (Pello 2006, priv. comm.). 

d Comments: CFHTLS component, Numbers refer to: (1) Good quality candidate based on visual inspection (2) Potential candidate based on visual inspection, Detection method: arc = arc 
detector, vis = visual, ring = ring detector. 

' Other name RCS 1419.2+5326 (z speam = 0.64; iGladders etaiT2 003). HST i maging available in F814W; HST pro posal 10626, PI Loh. This system shows at least three arcs at 10, 14.5, and 17". 
i HST imaging available in F606W and F814W from the Groth Strip Survey jSimard et alj2002HVogt et all2005l) . probably a tidal tail. 

* Massive cluster lens with fold arc. 



